Although the vertebrate embryonic midline plays a critical role in determining the left/right asymmetric development of multiple organs, few genes expressed in the midline are known to function specifically in establishing laterality patterning. Here we show that a gene encoding protein disulfide isomerase P5 (PDI-P5) is expressed at high levels in the organizer and axial mesoderm and is required for establishing left/right asymmetries in the zebrafish embryo. pdi-p5 was discovered in a screen to detect genes down-regulated in the zebrafish midline mutant one-eyed pinhead and expressed predominantly in midline tissues of wild-type embryos. Depletion of the pdi-p5 product with morpholino antisense oligonucleotides results in loss of the asymmetric development of the heart, liver, pancreas, and gut. In addition, PDI-P5 depletion results in bilateral expression of all genes known to be expressed asymmetrically in the lateral plate mesoderm and the brain during embryogenesis. The laterality defects caused by pdi-p5 antisense treatment arise solely due to loss of the PDI-P5 protein, as they are reversed when treated embryos are supplied with an exogenous source of the PDI-P5 protein. Thus the spectrum of laterality defects resulting from depletion of the PDI-P5 protein fully recapitulates that resulting from loss of the midline. As loss of PDI-P5 does not appear to interfere with other aspects of midline development or function, we propose that PDI-P5 is specifically involved in the production of midline-derived signals required to establish left/right asymmetry.
Despite an external appearance of bilateral symmetry, the internal organs of vertebrate animals, including the viscera and the brain, exhibit asymmetries in morphological structure (chirality), location (situs), or both (Fujinaga 1997; Kosaki and Casey 1998; Concha et al. 2000; Liang et al. 2000) . In many cases asymmetry in organ formation is preceded during somitogenesis by asymmetric expression of genes in the regions from which the organ anlage arise. Left-side expression in the lateral plate mesoderm (LPM) and diencephalon of genes that encode signaling molecules (e.g., nodal or lefty) and transcription factors (e.g., pitx2) correlates with and has been functionally linked to later morphogenetic events, such as heart looping, that result in overt organ asymmetries (for review, see Yost 1998; Burdine and Schier 2000; Capdevila et al. 2000) .
Both asymmetric gene expression and subsequent asymmetric morphogenetic processes are regulated by the embryonic midline (Goldstein et al. 1998; Yost 1998; Roessler and Muenke 2001) . Surgical removal of midline tissues in chick, Xenopus, or zebrafish (Danos and Yost 1996; Lohr et al. 1997; Concha et al. 2000) or deletion of midline tissues in embryonic zebrafish or mouse mutants (Danos and Yost 1996; Chen et al. 1997; Dufort et al. 1998; King et al. 1998; Melloy et al. 1998; Izraeli et al. 1999; Bisgrove et al. 2000; Chin et al. 2000) leads to bilateral expression of nodal, lefty, and pitx2 and produces laterality defects in the formation of the heart, gut, and brain. The bilateral gene expression resulting from loss of midline structures has been interpreted as arising from the loss of a midline-produced barrier to signals that promote left-side gene expression and/or the loss of signals that inhibit right-side gene expression. The finding that left-side gene expression is often absent in the right-side partner of conjoined twins lends support to the idea that the midline actively produces a signal that antagonizes gene expression on the right side (Levin et al. 1996; Nascone and Mercola 1997) .
Although many mutations with pleiotropic effects on midline development affect the establishment of leftright asymmetries, few midline-expressed genes have been linked specifically to the midline signaling process. Loss-of-function of mouse lefty1, which is expressed in the left lateral portion of the floorplate, leads to bilateral gene expression of nodal and lefty2 in the LPM and to left lung isomerism, but does not significantly perturb other features of midline development (Meno et al. 1998) . As Lefty factors function as antagonists of Nodal signaling (Bisgrove et al. 1999; Meno et al. 1999) , the phenotype of the mutant is consistent with evidence indicating that Nodal signaling is an important determinant of left/right asymmetries (for review, see Burdine and Schier 2000; Roessler and Muenke 2001) . In contrast, it is difficult to distinguish between the direct and indirect effects of other genes, such as sonic hedgehog, SIL, and no turning, that appear to be required for both midline development and laterality patterning (Chiang et al. 1996; Melloy et al. 1998; Izraeli et al. 1999; Tsukui et al. 1999; Hamada et al. 2002) . It is likely that additional midline genes that function specifically to regulate the midline-derived signals essential for left/right patterning are yet to be discovered.
To discover novel genes expressed in the embryonic midline of the zebrafish that might function in establishing laterality patterning, we developed a screen to detect genes down-regulated in zygotic one-eyed pinhead (oep) mutant embryos, which exhibit multiple deficiencies in midline development yet form a morphologically normal notochord (Schier et al. 1997) . Using subtraction hybridization methods to generate a cDNA population enriched for gene sequences expressed in wild-type but not mutant embryos at the onset of midline tissue differentiation, followed by hybridization screening of a cDNA array, we identified genes expressed in midline tissues of the zebrafish. Functional analysis of one of these genes, which encodes protein disulfide isomerase P5 (PDI-P5), demonstrated that it is specifically involved in laterality patterning. Depletion of the PDI-P5 protein with antisense morpholino oligonucleotides (Summerton and Weller 1997; Nasevicius and Ekker 2000) revealed that pdi-p5 is required for establishing asymmetric gene expression in the LPM and the brain and for regulating definitive morphological asymmetries in the development of the heart, liver, and pancreas. Interference with pdi-p5 function did not perturb other detectable aspects of midline development or function, indicating that pdip5 has a specific role in laterality patterning. Our results demonstrate that zebrafish developmental mutants can be harnessed effectively for gene discovery and the functional dissection of developmental pathways.
Results

pdi-p5 is expressed in midline tissues of gastrula-stage embryos
Zygotic one-eyed pinhead mutants have diminished Nodal signaling, resulting in deficiencies in the development of the gastrula organizer and the midline tissues derived from it, the axial mesoderm, and the floorplate of the nervous system (Schier et al. 1997; Schier and Shen 2000) . We used the zebrafish oep mutant to identify novel midline-expressed genes that might function in the establishment of left/right asymmetry. An array of cDNA sequences expressed in the organizer was analyzed by differential hybridization screening for genes expressed in wild-type (WT) but not oep mutant embryos (Fig. 1A) . mRNA was extracted from individually genotyped midgastrula embryos (Fig. 1B) , and subtractive hybridization between WT and mutant cDNA populations was used to generate probes enriched for WT-specific or mutant-specific sequences (Fig. 1C) . Replicate samples of the arrayed library were screened (Fig. 1D) , resulting in identification of four candidate sequences whose expression was significantly reduced in mutant embryos harboring either the oep z1 or oep m134 mutant alleles ( Fig. 1E ; data not shown). Detailed analysis of candidate gene #14, which is expressed prominently in the axial mesoderm of midgastrula WT embryos and significantly downregulated in oep mutant embryos [29% (n = 134) progeny of oep z1 /+ inter se matings; 22% (n = 59) progeny of oep m134 /+ inter se matings], is described below. Candidate #14 encodes a member of the protein disulfide isomerase (PDI) superfamily (Freedman et al. 1994; Ferrari and Soling 1999) , being most closely related to the P5 family of proteins ( Fig. 2A) . PDIs are known to facilitate posttranslational processing, and at least one member of this family, the Drosophila Windbeutel protein, has a specific developmental role in embryonic patterning (Konsolaki and Schupbach 1998) . The maternally supplied pdi-p5 transcript (Fig. 2B , 1-cell stage) is initially distributed throughout the blastoderm of blastulastage embryos. However, during the course of gastrulation the widespread presence of pdi-p5 transcripts fades whereas high levels of expression are maintained predominantly in the nascent embryonic shield and axial mesoderm (Fig. 2B , 70% epiboly and 90% epiboly). By the 6-somite stage, the gene is expressed specifically in the anterior prechordal plate and in the presumptive notochord tissue (Fig. 2B, 6 -som). As the notochord differentiates in a rostral to caudal progression, expression in the notochord is extinguished anteriorly so that at the 18-somite stage, high levels of transcripts in the axial mesoderm are found only in the developing tail, where tissue differentiation is still not complete (Fig. 2B, . At this stage, pdi-p5 is also expressed in two midline tissues that lie directly above and below the notochord, the floorplate of the nervous system and the hypochord, respectively. As development proceeds over the next two days of embryogenesis, high levels of pdi-p5 expression can be detected in selected tissues, including the developing otic vesicles, the lateral line, the developing caudal and pectoral fins, the liver, and the pharyngeal cartilage (Fig. 2B, 18 -som, 48 h, 60 h; data not shown).
Asymmetric morphogenesis and laterality patterning requires pdi-p5 function
To test the role of pdi-p5 in the early embryo, we analyzed the consequences of depleting the pdi-p5 gene product in vivo with antisense morpholino oligonucleotides, which bind stably to target mRNAs and can thereby inhibit translation (Summerton and Weller 1997; Summerton 1999) . Two antisense oligonucleotides, P5-MO#1 and P5-MO#2, complementary to 5ЈUTR sequences near the initiation codon ( Fig. 2A ; Ma-terials and Methods) and capable of inhibiting translation of synthetic pdi-p5 mRNA in vitro (Fig. 3A) , were used in these experiments. The syndromes caused by each morpholino were identical.
Injection of morpholino antisense oligonucleotides into WT embryos at the 1-cell stage consistently produced embryos with overall normal morphology but with pericardiac edema, a syndrome indicative of defective heart development ( Fig. 3B, Table 1 ). The most overt defect in heart development observed following antisense treatment was the incorrect positioning of the heart chambers, which can be readily seen in ventral views of 48-h embryos (Fig. 3B) . During heart morphogenesis, the posterior ventricular segment of the heart tube loops rightward (D-looping) so that the ventricle eventually comes to lie to the right of and slightly anterior to the atrium (Chen et al. 1997; Chin et al. 2000; Stainier 2001 ). Approximately 96% of the WT embryos used in the present study displayed clear evidence of Dlooping, and the remaining 4% of embryos had hearts lying directly on the midline (O-looping; Table 1 ). In contrast, 67%-73% of the embryos injected with either the P5-MO#1 or P5-MO#2 oligonucleotide failed to exhibit any heart looping ( Fig. 3B , Table 1 ). Among the remaining embryos, many displayed normal D-looping, but others exhibited L-looping (leftward) or failed to form a normal heart tube.
As defects in heart looping morphogenesis are com- /+ intercrosses. Candidates #1, #14, #18, and #20 are expressed at high levels in dorsal tissue (d) of late-gastrula stage WT embryos, but at markedly reduced levels in one-fourth of the embryos, presumed to be oep z1 mutants. Dorsolateral (#1, #14), dorsal (#18), or lateral (#20) views of embryos are shown. Candidate #1 encodes ribophorin I, a subunit of oligosaccharyltransferase (Kelleher et al. 1992) , candidate #14 encodes protein disulfide isomerase-related protein p5 (see text), candidate #18 encodes chorein, a gene responsible for choera-acanthocytosis (Rampoldi et al. 2001; Ueno et al. 2001) , and candidate #20 has weak homology to yeast tf2-transposon. monly associated with heterotaxy (Goldstein et al. 1998; Kosaki and Casey 1998; Bisgrove and Yost 2001) , we analyzed the development of additional organ systems in PDI-P5-depleted embryos. The pancreas and liver, which can be detected by virtue of expression of the preproinsulin and gata-6 genes, respectively, are both situated asymmetrically in most WT embryos-the pancreas to the right of the midline, and the liver to the left of the midline (Fig. 3C) . PDI-P5 depletion caused a significant reduction in the fraction of embryos that displayed normal situs of these organs (Table 2 ). In most of the treated embryos, the pancreas and liver developed directly on the embryonic midline, although embryos exhibiting situs inversus or isomerization of the liver, in which the paired organs often appeared joined at the midline, were also observed (Fig. 3C) . As was true for the heart, depletion of PDI-P5 protein sometimes interfered with development of the pancreas, resulting in the production of fragments of pancreatic tissue that were not scored for situs (Fig. 3C) . In addition to the loss of asymmetric morphogenesis of the heart, pancreas, and liver, embryos depleted for PDI-P5 protein also exhibited laterality defects affecting development of the gut. Normal morphogenesis, or coiling, of the gut is associated with left siderestricted expression of pitx2c in the posterior LPM (Fig.  3D , Table 3 ; Essner et al. 2000) . In PDI-P5-depleted embryos, pitx2c was expressed bilaterally in the LPM (Fig.  3D , Table 3 ). In sum, treatment of embryos with pdi-p5 antisense morpholino oligonucleotides blocks the asymmetric development of many, if not all, organ systems. (Ferrari and Soling 1999) are indicated: SS (red), signal sequence; thiored a and aЈ (dark green), potentially active thioredoxin-like domains; thiored. b (light green), likely inactive thioredoxin domain; Ca (yellow), potential Ca ++ -binding domain; KDEL, endoplasmic reticulum retention signal. Sequence identities between each of the zebrafish protein domains and the corresponding domains of the human PDI-P5 protein are indicated in parentheses. The overall identity between the zebrafish and human proteins is 76%. Two antisense morpholino oligonucleotides, P5-MO#1 and P5-MO#2, were used to analyze pdi-p5 function. P5-MO#1 is complementary to nucleotides −21nt to +5nt and P5-MO#2 is complementary to nucleotides -33 to −9nt with respect to the translation start site of pdi-p5 mRNA. The CS2-pdi-p5 chimeric mRNA, in which pdi-p5 coding sequences are flanked by 5Ј and 3Ј UTR sequences (narrow gray boxes) derived from the CS2+ vector, was designed to prevent antisense morpholinos from annealing the transcript. (B) Expression of pdi-p5 in WT zebrafish embryos. pdi-p5 transcripts are maternally supplied and widely distributed initially. During gastrulation, high levels of transcripts are present only in the axial mesoderm, including the prechordal plate and the presumptive notochord. At later developmental stages, pdi-p5 is expressed in the floorplate, hypochord, fin buds, lateral line, liver, and pharyngeal cartilage. Arrowheads indicate expression in the developing caudal fin (18-som) and pectoral fin bud (48 h). Brackets (60 h) indicate expression in the pharyngeal cartilage. d, dorsal; h, hours postfertilizaton; hc, hypochord; fp, floorplate; LL, lateral line; lv, liver; ntc, notochord; pcp, prechordal plate; som, somites.
pdi-p5 is required for left/right asymmetries GENES & DEVELOPMENT 2521
Cold
The disruption of the asymmetric development of multiple organs caused by depletion of the PDI-P5 protein is reminiscent of the panoply of laterality defects associated with loss of midline tissues or function. To determine whether PDI-P5 might be a required component of the midline's function in laterality patterning Figure 3 . Depletion of the PDI-P5 product causes laterality defects in organ morphogenesis and gene expression patterning. (A) The P5-MO#1 and P5-MO#2 morpholinos inhibit translation from pdi-p5 mRNA but not from CS2-pdi-p5 mRNA. pdi-p5 or CS2-pdi-p5 mRNA was used as a template for in vitro translation in the presence (+) or absence (−) of antisense morpholinos. (B) Injection of P5-MO#1 antisense morpholinos causes laterality defects affecting heart development. Following injection of 2 ng P5-MO#1 at the 1-cell stage, 2-d embryos exhibited pericardiac edema, an indicator of defective heart development (pericardial cavity is indicated). In a ventral view of a normal 2-d embryo, the ventricle (v) appears on the left side of the atrium (a). A similar view of a 2-d embryo that had been injected with P5-MO#1 shows that both chambers lie directly on the midline, with the ventricle anterior to the atrium. (C) P5-MO#1 antisense morpholinos produce laterality defects in pancreas and liver development. Expression of preproinsulin in pancreatic tissue (white arrowheads) and gata6 in liver (black arrowheads) visualized in dorsal views of 60-h embryos reveals that the pancreas normally develops on the right side and the liver develops on the left side of the midline in control embryos. In embryos injected at the 1-cell stage with the P5-MO#1 antisense morpholino, these organs usually developed directly on the midline, although isomerized development of the liver was also observed (gata6, right panel). In some antisense-treated embryos, pancreatic development was disrupted, producing fragments of preproinsulin-expressing tissue that developed near the midline (preproinsulin, right panel). (D) P5-MO#1 antisense morpholinos disrupt gene expression indicators of laterality patterning of the heart, brain, and gut. The initial development of the heart field, marked by nkx2.5 expression at the 18-somite stage, is unaffected in PDI-P5-depleted embryos. However, by the 22-24-somite stage, genes normally expressed only on the left side of tissue primordia are expressed bilaterally in most antisense-treated embryos. Left-side only expression of lefty2 in the heart primordium, lefty1 in the diencephalon, and pitx2c in the diencephalon (black arrowhead) and gut (white arrowhead) was observed in 22-24-somite-stage control embryos. Injection of the P5-MO#1 antisense morpholino resulted in bilateral expression of each of these genes, but did not alter their appropriate tissuerestricted patterns. All embryos shown in dorsal views. (E) The heart laterality defects caused by injection of pdi-p5 antisense morpholinos are due specifically to depletion of PDI-P5 product. Embryos were first injected with the P5-MO#2 morpholino, and a fraction of the antisense-treated embryos were subsequently injected with CS2-pdi-p5 mRNA together with fluorescent lineage tracer dye. All embryos were processed to reveal expression of lefty2 mRNA (left panel of each pair) and fluorescent lineage tracer dye (right panel of each pair). Embryos that received only the P5-MO#2 morpholino usually expressed lefty2 bilaterally in the LPM. Coinjection of the CS2-pdi-p5 mRNA resulted in a significant increase in the proportion of embryos that expressed lefty2 only on the left side of the LPM. Morpholino oligonucleotides (2 ng P5-MO#1 or 10 ng P5-MO#2) were injected into the yolk of 1-cell embryos. Two-day embryos were visually inspected for formation of heart and direction of looping.
a Some embryos exhibited heart defects that precluded ability to score looping. Defects included rudimentary heart formation and cardia bifida. Morpholino oligonucleotides (2 ng P5-MO#1 or 10 ng P5-MO#2) were injected into the yolk of 1-cell embryos. embryos (60 hpf) were analyzed by whole-mount in situ hybridization with gataó and preproinsulin to identify the liver and the pancreas, respectively. a Expression was observed in tissue fragments. Morpholino oligonucleotides (2 ng P5-MO#1 or 10 ng P5-MO#2) were injected into the yolk of 1-cell embryos. Results from experiments with each antisense morpholino were pooled. Embryos (20-to 24-somite stage) were analyzed whole-mount in situ hybridization for expression of cyclops or pitx2c in the indicated tissues. Embryos without staining were not scored in these analyses.
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Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by genesdev.cshlp.org Downloaded from preceding overt morphogenesis, we analyzed antisensetreated embryos for expression of the earliest asymmetrically expressed markers of left/right patterning. During normal development, progenitors of the heart arise within the anterior portion of the LPM as bilaterally symmetric fields of cells that express nkx2.5 ( Fig. 3D ; Chen and Fishman 1996) . Asymmetric development is first evidenced at the 22-24-somite stage, when only the left-side heart primordium expresses lefty2 and cyclops (Fig. 3D, Tables 3, 4 ; Rebagliati et al. 1998; Sampath et al. 1998; Bisgrove et al. 1999; Thisse and Thisse 1999) . Although the initial development of the heart fields appeared normal in antisense-treated 18-somite embryos, as evidenced by the bilateral expression of nkx2.5 in the LPM, by the 24-somite stage the vast majority of antisense-treated embryos displayed laterality patterning defects as judged by expression of lefty2 or cyclops in the LPM (Fig. 3D, Tables 3, 4) . Similarly, whereas lefty1, pitx2c, and cyclops are normally expressed only in the left side of the diencephalon (Rebagliati et al. 1998; Sampath et al. 1998; Bisgrove et al. 1999; Thisse and Thisse 1999; Essner et al. 2000) , these genes were expressed bilaterally in the brains of antisense-treated embryos (Fig.  3D, Tables 3, 4) .
To determine whether the laterality defects observed in antisense-treated embryos resulted solely from depletion of the PDI-P5 product, we investigated whether supplying treated embryos with an exogenous source of PDI-P5 protein could rescue the embryos to a WT phenotype. In these experiments, embryos were injected with the P5-MO#1 or P5-MO#2 morpholino oligonucleotides, with or without CS2-pdi-p5 mRNA, which is not complementary to either antisense oligonucleotide ( Fig.  2A) , is capable of programming synthesis of PDI-P5 in their presence (Fig. 3A) and has no discernible effect alone on laterality patterning (Table 5) . As a simple uniform measurement of the laterality defects associated with each morpholino with or without CS2-pdi-p5 mRNA, the fractions of embryos with bilateral or unilateral gene expression in the heart field (lefty2), brain (pitx2c), or gut (pitx2c), were compared. Supplying antisense-treated embryos with exogenous PDI-P5 protein restored normal regulation of laterality patterning, measured in multiple tissues, indicating that depletion of the PDI-P5 protein was the specific cause of the laterality defects induced by the antisense treatment (Fig. 3E , Table 5 ).
Inhibition of pdi-p5 function disrupted laterality patterning at several sites. To determine whether our experiments indicated that patterning at one site could be disrupted independently of patterning at another site, we analyzed individual embryos for expression of cyclops, which normally exhibits left-side only expression in the heart and brain, or pitx2c, which usually exhibits leftside only expression in the developing gut and brain. With rare exceptions, when laterality patterning was perturbed at one site as a consequence of antisense treatment, it was perturbed at the second site (Table 3) . Thus our data fail to indicate separable region-specific requirements for pdi-p5 function.
Midline tissue develops normally in PDI-P5-depleted embryos
The laterality defects resulting from depletion of the PDI-P5 product are similar to those observed in zebrafish mutants, such as no tail and floating head, in which embryonic midline development is severely disrupted (Bisgrove et al. 2000; Chin et al. 2000) . Therefore it is possible that pdi-p5 contributes indirectly to laterality by providing a function needed for normal midline development. However, several lines of evidence indicate that depletion of PDI-P5 does not compromise midline development. Whereas embryos injected with either P5-MO#1 or P5-MO#2 antisense oligonucleotides exhibited bilateral expression of lefty2 in the LPM, they had normal expression of no tail, a marker of posterior axial mesoderm (Fig. 4) . Similarly, goosecoid expression, a marker of anterior axial development at late gastrula stages, was normal in antisense-treated embryos (Fig. 4) . In addition, development of the floorplate of the nervous system appeared normal in PDI-P5-depleted embryos as judged by expression of tiggy-winkle hedgehog (twhh) at the 14-somite stage (Fig. 4) and by the finding that antisense-treated embryos with heart laterality defects at 2 d had well separated eyes (Fig. 3B) . These findings indicate that depletion of PDI-P5 causes laterality defects without significantly disrupting midline development.
Discussion
Use of zebrafish mutants to discover new tissue-restricted genes or pathway targets
Identification of genes that fail to be expressed in developmental mutants is a growing tool for the discovery of genes involved in tissue development (Shimono and Behringer 1999; Rubinstein et al. 2000) . Our results demonstrate that the zebrafish system is exceedingly well Morpholino oligonucleotides (2 ng P5-MO#1 or 10 ng P5-MO#2) were injected into the yolk of 1-cell embryos. Embryos (20-to 24-somite stage) were analyzed by whole-mount in situ hybridization for expression of lefty2 or lefty1 in the indicated tissues. Embryos without staining were not scored in these analyses.
a Significantly different from controls, P < 0.001.
suited for both discovering and probing the function of novel genes that are misregulated in developmental mutants. As zebrafish embryos can be staged with very high precision, comparative analysis of gene expression can be used to identify genes that are among the earliest to be misregulated as a consequence of loss of function of a well defined regulatory gene. Here we used the approach to discover new genes expressed in the embryonic midline and linked one of them to a known activity of the midline. These methods can also be applied to identify candidate targets of transcription factors or signaling pathways. The combination of gene discovery and functional perturbation methods can be used to dissect the highly pleiotropic effects often associated with mutations in regulatory genes that govern early development. Although the approach taken here emphasizes the use of zebrafish mutants, we recognize that comparative analyses of gene expression patterns in closely related tissues has a long and successful history. In the past, such studies have been used to identify genes expressed specifically in one cell type (Hedrick et al. 1984) , in one region of an egg (Weeks and Melton 1987) , at one developmental stage (Zimmermann et al. 1980) , in response to hormone stimulation (Brown et al. 1996) , or in cancerous derivatives of a given tissue (Perou et al. 2000) . With the advent of array technologies and procedures for sampling gene expression in small numbers of cells (Dulac and Axel 1995; Shimono and Behringer 1999) , comparative analysis of gene expression profiles will be used increasingly to discover genes that are associated with cell-specific properties. The work described here illustrates that antisense morpholino oligonucleotide technology can be used as an insightful complement to gene discovery studies in the zebrafish.
Function of pdi-p5 in laterality patterning
The midline plays a critical role in left/right development. Ablation of embryonic midline tissues, whether Figure 4 . Depletion of the PDI-P5 product does not disrupt normal midline development. Whereas embryos injected with either P5-MO#1 or P5-MO#2 antisense oligonucleotides have bilateral expression of lefty2 in the LPM at the 22-24-somite stage, these embryos exhibit a WT pattern of no tail (ntl) expression in the posterior axial mesoderm. Other markers of axial development also appear normal, including goosecoid (gsc), which marks the anterior axial mesoderm, and tiggywinkle hedgehog (twhh), which marks the floorplate of the nervous system (fp). P5-MO#1 (1.5ng or 2ng) or P5-MO#2 (10ng) morpholino oligonucleotides were injected with or without CS2-pdi-p5 RNA (50pg or 400pg) into 1-cell embryos. Some embryos analyzed for lefty2 expression were injected only with RNA. Embryos (22-to 24-somite stage) were analyzed by whole-mount in situ hybridization for expression of lefty2 or pitx2c in the indicated tissues. P values (Fisher's exact test) indicate that rescue of lefty2 expression in the heart was marginally significant whereas rescue of pitx2c expression in the brain or gut was extremely significant.
by surgical extirpation or as a result of mutations in genes that regulate midline development, results in bilateral expression of nodal, lefty, and pitx2 genes and consequently produces heterotaxy (for review, see Yost 1998; Burdine and Schier 2000; Hamada et al. 2002) . Although the exact role of the midline in laterality patterning is unknown, it is believed to exert its influence following the initial breaking of symmetry in the embryo, affecting the side-specific restriction of signals that regulate asymmetric expression of nodal genes in tissue primordia. Two models, which are not mutually exclusive, are generally set forth to explain the role of the midline Hamada et al. 2002) . First, the midline might provide a physicochemical barrier to the rightward propagation of signals that emanate from the left side and promote left side-specific gene expression. This model is supported by experiments indicating that an intact extracellular matrix is required for maintenance of asymmetries (Yost 1992) . Second, the midline might serve as a source of a right-side antagonist of leftside gene expression. A candidate for such an antagonist is mouse Lefty1, which is expressed specifically in the floorplate of the nervous system in the mouse and is capable of antagonizing Nodal signaling. Mutants that lack lefty1 exhibit bilateral expression of left side-specific genes and heterotaxy (Meno et al. 1998) . Among mutations that reveal the barrier or antagonistic factor function of the midline, lefty1 is the only one that appears not to interfere with other aspects of midline development (Hamada et al. 2002) . Depletion of PDI-P5 also causes disruption of left/right asymmetries without any pleiotropic midline defects. The findings that pdi-p5 function is required for laterality patterning of the brain, heart, and gut primordia and for asymmetric morphogenesis of the heart, liver, and pancreas indicate that this gene is an essential component of the regulation of most if not all aspects of left/ right asymmetric development. Although the early widespread expression of pdi-p5 may contribute to laterality patterning, pdi-p5 expression is restricted to the midline at the time that left-side gene expression is initiated in the LPM and brain. Therefore, PDI-P5 appears to be a novel essential component of the midline function that is responsible for establishing left/right asymmetries. Moreover, our findings indicate the existence of common elements, such as PDI-P5, shared by the midline signaling pathways that govern laterality development in both the brain and the visceral organs.
The function provided by PDI-P5 in the midline is not known. PDIs are best known for catalyzing reducing as well oxidizing reactions affecting disulfide bond formation, for facilitating disulfide bond isomerization of synthesized peptides in endoplasmic reticulum, and for chaperone activity (Freedman et al. 1994; Ferrari and Soling 1999) . However, with respect to the potential function in laterality patterning of the midline-expressed PDI-P5, it is intriguing that PDIs are associated with multiple aspects of the secretory pathway and can act at the cell surface to process receptor-bound ligands for cell internalization (for review, see Noiva 1999) . For example, the PDI encoded by windbeutel has been shown to be an essential element in the maternally encoded dorsoventral patterning pathway in Drosophila that ultimately generates ventral-specific activated Toll ligand (Konsolaki and Schupbach 1998) . In this pathway, Windbeutel functions to transport Pipe, a glycosaminoglycanmodifying enzyme, from the endoplasmic reticulum to the Golgi where Pipe is needed to modify GAGs destined to be secreted (Sen et al. 2000) . As extracellular matrix substrates have been implicated in the signaling leading to laterality patterning (Yost 1992; Metzler et al. 1994) , zebrafish PDI-P5 might play a role in vertebrate left/right patterning similar to that which Windbeutel plays in dorsoventral patterning. Alternatively, PDI-P5 might have a more direct role in the posttranslational processing of a TGF␤ signaling factor produced in the midline, such as a Lefty antagonist of Nodal signaling (Meno et al. 1998 ) or a putative novel Nodal factor (Concha et al. 2000) .
Materials and methods
Animals
Zebrafish embryos were generated by natural spawnings and cultured at 28°C under standard conditions (Westerfield 1995) . WT animals were of the *AB strain. Two alleles of one-eyed pinhead were used: oep z1 , a simple deletion of the oep locus, and oep m134 , a point mutation (Schier et al. 1997; Zhang et al. 1998) .
Preparation of an arrayed shield region cDNA library
Embryonic shields containing organizer as well as minimal neighboring tissue were manually dissected from ∼ 300 60%-70% epiboly WT embryos in MBS (88 mM NaCl, 1 mM KCl, 0.7 mM CaCl 2 , 1 mM MgSO 4 , 2.5 mM NaHCO 3 , 5 mM HEPES at pH 7.8). Following extraction of RNA with TRIZOL Reagent (GIBCO-BRL), cDNA was prepared from 15 µg total RNA using oligo dT-priming and cloned directionally into the ZapII vector (Stratagene). Individual plaques from primary plating of the library were picked into wells of 56 96-well plates containing 22 µL TaqDil (2.5 mM Tris-HCl at pH 7.5, 2.5 mM MgCl 2 , 0.01% gelatin) supplemented with 7% DMSO. Aliquots of plaque suspensions were transferred to new wells, and cDNA inserts were PCR-amplified using m13 Forward and Reverse primers (M13-UL, 5Ј-CGACGTTGTAAAACGACGGCCAGTG-3Ј; M13-RL, 5Ј-GGAAACAGCTATGACCATGATTACG-3Ј). Greater than 90% of the PCR reactions generated products. A BioMek 2000 (Beckman) pipetting workstation was used to transfer PCR products onto nylon membranes (Stratagene) in a high density grid such that: (1) each DNA sample was spotted twice in positions that together denoted a unique signature, and (2) DNA samples from eight 96-well plates were spotted in a 4 × 4 matrix onto a membrane the size of single 96-well plate (http://Metherall.genetics.utah.edu/HTR.html). In total, 5376 DNA samples were arrayed onto a set of seven filters, and replicate sets of filters were prepared. Analysis of the arrayed library indicated that ∼ 1% of the total sequences hybridized with a probe for the abundantly expressed gene, ef1␣, and 0-2 sequences (∼ 0.02% of the total) hybridized with probes for tissue-specific genes, such as goosecoid, no tail, floating head, or lim1.
